Abstract-We have presented a novel method for human gait recognition, which is based on detecting the electrostatic induction current generated by the walking motion under noncontact conditions. The method involves the measurement of this electrostatic induction current, which flows through a measurement electrode. A model for the electrostatic induction current generated because of a change in the electric potential of the human body has been proposed. This model effectively explains the behavior of the waveform of the electrostatic induction current flowing through the electrode. Walking waveforms of 29 healthy individuals aged between 12 and 53 years were obtained. After Fourier analysis of the obtained waveform, the Pearson correlation coefficients with each other were obtained by data processing using methods such as differentiation and normalization. Results show that there is poor correlation between the walking waveforms. This suggests that the proposed technique based on the detection of subtle differences in the walking signal can be successfully applied for human identification.
INTRODUCTION
Biometrics consists of techniques for individually recognizing humans based on one or more intrinsic physical or behavioral distinctions. Biometric characteristics can be broadly classified into two main categories-physiological and behavioral. Physiological characteristics are associated with the shape of the body in a broad sense. Examples of physiological biometrics include fingerprint [1] , palmar print [2] , hand geometry [3] , vein authentication [4] , ear recognition [5] , face recognition [6] , iris recognition [7] , retina recognition [8] , odor recognition [9] , and DNA as the shape of the information about the human genome. On the other hand, behavioral characteristics are related to the behavior of a person. Examples of behavioral biometrics include typing rhythm, gait, and voice.
Fingerprint, iris, and vein authentications have been successfully employed in automatic human identification systems. However, these systems require the subject's cooperation such as the action of placing the subject's hand on the sensor because the resolutions of raw pictures usually influence the recognition rate. Therefore, these systems require the subject to be close to the sensor head for accurate identification.
On the other hand, researchers have made numerous attempts to develop methods for behavioral biometrics, because behavioral biometrics has unique advantages over conventional physiological biometrics. In particular, gait recognition may have great potential for not only human identification but also human emotion discrimination. Since the human walking motion results in a self-sustaining and dynamic rhythm owing to the integrated signals generated from the spinal cord and sensory feedback, it contains unique characteristics of each individual.
In the last decade, gait analysis for human recognition has attracted much attention from computer vision researchers motivated by its wide applications [10 20] . Normally, in vision-based gait recognition, motion features are extracted from image sequences. Subsequently, identification process by comparing between feature amounts is executed. However, in conventional gait recognition methods, the experimental conditions such as the distance between the subject and the camera, the angle of the camera, and the pixel density of the camera significantly influence the recognition rate of the system. Moreover, the main drawback of these methods is that they cannot detect anything in the dead zone of the camera. Furthermore, many image-processing systems require a complex logic to ignore the disturbances caused by the motion of objects other than humans.
Alternatively, body-mounted accelerometers [21, 22] are extensively used for monitoring human motion in gait analysis because these systems are inexpensive as compared with an optoelectronic motion capture system. Another advantage of body-mounted accelerometers is that the system is available in indoor-outdoor space. As an alternative, in-shoe pressure measurement systems are useful for gait analysis to obtain the plantar pressure and force data during dynamic walking motion [23] . The advantage of this system is that the subject can move freely if he/she is fitted with a data logger. Additionally, several methods have been presented to measure gait parameters by using several techniques, e.g., an ultrasonic motion analysis system for measurement of temporal and spatial gait parameters [24] , an electromagnetic 3D orientation estimation system that uses the earth's magnetic field [25] , and a wearable ultrasonic motion analysis system. However, these measurement systems are necessary to contact the some kind of sensor or maker to subject. Therefore, these methods as referred to above have not been applied to the non-contact detection for gait analysis. Naturally, these methods can not apply to the gait analysis for human recognition. If an effective noncontact, non-attached human motion measurement system for nearly unlimited use anywhere is developed, this system is expected to have a wide field of application, e.g., not only in human identification but also in ambulatory measurement during daily activities, clinical gait analysis, and rehabilitation aid system in clinical practice, etc.
In this paper, we have presented a new direction for gait recognition without the use of a camera or video images. We have developed an effective non-contact technique for the detection of human walking motion using human-generated body charge. This technique involves the detection of an electrostatic induction current of the order of approximately sub-picoamperes flowing through an electrode that is placed at a distance of 3 m from a subject. The absolute value of the electrostatic induction current depends on the type of footwear and floor material. However, we confirmed that this technique detects the electrostatic induction current generated by the walking motion in daily life, because the proposed technique allows ultrasensitive detection of the electrostatic induction current. This technique effectively explains the behavior of the waveform of the electrostatic induction current flowing through a given measurement electrode through a capacitance model for the human body. Gait waveforms of 29 healthy individuals aged between 12 and 53 years were obtained by the proposed technique. As a pretreatment step, Fourier analysis was performed to obtain the gait spectrum. Subsequently, the differentiated waveform of the gait spectrum was obtained in order to derive the subtle characteristics from the gait spectrum. The Pearson correlation coefficients with each other of the differentiated waveform of the gait spectrum were obtained. Results show that there is poor correlation between each waveform. This suggests that human identification based on the subtle differences in the walking signal can be realized using the proposed technique.
II. PRINCEPLE
The human body is electrically charged during walking [26 30 ]. In the case of a subject standing or walking, we assume that there are two highly resistive layers between the feet of the subject and the floor, as shown in Figure 1 . One layer is the sole of the subject's footwear. The other is the surface of the floor. Capacitance C sf of the feet relative to the ground may be calculated as the sum of capacitance C s of the sole and capacitance C f of the floor surface. In addition, C 0 is the capacitance of the rest of the subject's body relative to nearby objects on the floor. Therefore, potential U B of the human body when it is in walking motion can be expressed as follows
Q B is the instantaneous charge of the human body during walking motion, a is the permittivity of the air gap between the sole and the floor, and S is the effective sole area at height x above the floor. The induced charge Q of the measurement electrode placed at a certain distance from the subject can be expressed as follows:
where C is the capacitance between the human body and the measurement electrode, and V is the potential of the measurement electrode. From the above two equations, the induced current I flowing through the measurement electrode can be expressed as follows:
. (4) We assume that the human body is a good conductor. The first term in Eq. (4) represents the current induced by the motion of the foot before it is lifted off the floor. The second term represents the current induced by the motion of the foot and leg after the foot is lifted off the floor. The second term is approximately proportional to the velocity of the foot. Therefore, in the case of walking motion near the measurement electrode, it is possible to measure the current generated under perfect non-contact conditions. 
III. EXPERIMENTAL METHOD

A. Measurement of Gait Spectrum
The schematic of the measurement system for detecting the very weak electric current generated by the stepping motion is shown in Figure 2 . The electrostatic induction current flowing through the electrode placed at a distance of 3 m from the subject was converted into voltage using an I-V converter comprising an operational amplifier. The conversion ratio of the I-V converter was 3 V/pA. A very weak electric current of the order of sub-picoamperes was measured. The induction current generated by the commercial power source used in the experiment appears as noise in the measured electrostatic induction current. To remove this, we use a filtering system with a cutoff frequency of 20 Hz. Therefore, the measurement system is unaffected by the noise from other electronic devices such as mobile phones or microwave ovens. The static electric field generated by the presence of charged material around the measurement electrode affects the absolute value of capacitance C, which is formed between the subject's body and a given measurement electrode. However, the static electric field has little effect on the measurement, because the instantaneous electrostatic induction current arises from the change in capacitance C according to the subject's walking motion. In fact, the transient current generated can be detected only when the subject's body is in motion. The analog signals were subsequently converted into digital signals by using an A/D converter, and the obtained data were stored in a personal computer at a sampling frequency of 250 Hz. A detection electrode with an area of 625 cm 2 was placed 1 m above the floor and 3 m away from the center of the subject. Gait waveforms of 29 healthy individuals aged between 12 and 53 years were obtained using the proposed technique. All the subjects wore rubbersoled shoes during the experiment. The floor was made of PVC. We performed the measurements at a temperature of 23 °C and a relative humidity of 84%. The subjects were asked to walk naturally at the site of the experiment. The intensity of the electrostatic induction current was independent of the angle between the electrode and the subjects facing the electrode; it was inversely proportional to the distance between the subject and the electrode. The proposed technique showed good reproducibility.
B. Data Processing
The obtained waveform of the electrostatic induction current contains a component of the gait cycle. In the normal walking motion of an adult male, it is said that one complete gait cycle is approximately 0.55 s. Therefore, the obtained waveforms are strongly periodically modulated by these gait cycles, which resemble each other of subject. Therefore, as the first step, the spectrum of the waveform of the electrostatic induction current was obtained by Fourier analysis. A peak generated by one complete gait cycle is observed around 1.8 Hz in each spectrum. The frequency of this peak that occurs because of one complete gait cycle in each spectrum was normalized at 1.8 Hz by interpolation of the spectrum in order to remove the difference of one complete gait cycle for each individual. Furthermore, the waveform of the gait spectrum differentiated with respect to frequency is obtained in order to emphasize the subtle individual characteristics from the entire gait spectrum. The differentiated waveform from 0 Hz to 20 Hz was treated as the feature amount for each individual. Finally, in order to investigate the possibility of human identification, the feature amounts of each individual were compared. The Pearson correlation coefficients with each other of the future amount were obtained. Figure 3 shows the overview of the proposed data processing method. Figure 4 shows the typical waveform of the current generated by the human motion of walking. Cadence components are observed in the resulting waveform for each case. These components indicate the presence of a gait cycle in the walking motion. The gait cycle consists of a combination of alternating swing and stance phases of the left and right foot.
IV. RESULTS AND DISCUSSIONS
The waveform contains cadence components of both the feet during bipedal walking; this reveals that the toe of the left foot is lifted off the floor and simultaneously the heel of the right foot comes into contact with the floor. When the toe of the right foot is lifted off the floor, the effective sole area S decreases and distance x between the right foot and the floor increases continuously. As a result of the walking motion, current I flowing through the measurement electrode increases, as predicted by the first term on the right-hand side of Eq. (4). In rapid succession, I decreases, as predicted by the second term on the right-hand side of Eq. (4). Furthermore, in the second half of the swing phase, a rapid decrease in x induces a decrease in I, as predicted by the second term on the right-hand side of Eq. (4). In rapid succession, I decreases with an increase in the effective sole area S resulting from the heel contact, as predicted by the first term on the right-hand side of Eq. (4). Therefore, Eq. (4) effectively explains the behavior of the waveform of the electrostatic induction current I flowing through the measurement electrode. Figure 4 . Typical waveform of current generated by human walking motion. Figure 5 . Typical FFT-analyzed spectrum data of electrostatic induction current generated during human walking motion. Figure 5 shows the typical FFT-analyzed spectrum data of the electrostatic induction current waveform generated by the walking motion. The FFT spectrum shows a peak at approximately 1.8 Hz. It is obvious that this peak is attributed to the presence of the gait cycle. In this figure, it can be clearly observed that one primary and few harmonic peaks are induced by the walking cycle. Figure 7 shows the absolute value of the correlation coefficient as a graduation image for the 29 subjects. This figure shows the discrimination capability of the proposed technique.
We can almost certainly say that human identification based on subtle differences in the walking signal can be realized using the proposed technique. It is generally known that the human motions of walking result in a self-sustaining and dynamic rhythm owing to the integrated signals generated from the spinal cord and the sensory feedback. The obtained results are in agreement with this knowledge.
V. CONCLUSION
In this paper, we have presented a new direction for gait recognition without the use of a camera or video images. The change in the electric potential of the human body that is caused by the walking motion induces an electrostatic induction current in the electrode placed at a distance of a few meters from the human body. Using this technology, we have developed an effective non-contact technique for the detection of human walking motion by detecting the change in this human-generated body charge. This technique involves the detection of an electrostatic induction current of the order of approximately sub-picoamperes flowing through an electrode that is placed at a distance of 3 m from the subject. This technique effectively explains the behavior of the waveform of the electrostatic induction current flowing through a given measurement electrode through a capacitance model of the human body. Gait waveforms of 29 healthy individuals aged between 12 and 53 years were obtained by the proposed technique. By data processing techniques such as differentiation and normalization after Fourier analysis of the obtained waveform, we obtained the Pearson correlation coefficients with each other. Results show that there is poor correlation between each waveform. This suggests that human identification based on subtle differences in the walking signal can be achieved using the proposed technique. In our future work, we intend to improve the data processing method to realize real-time recognition.
